Mycobacterium smegmatis topoisomerase I has several distinctive features. The absence of the zinc finger motif found in other prokaryotic type I topoisomerases and the ability of the enzyme to recognise single-stranded and duplex DNA are unique characteristics of the enzyme. We have mapped the strong topoisomerase sites of the enzyme on genomic DNA sequences from Mycobacterium tuberculosis and M.smegmatis. The enzyme does not nick DNA in random fashion and DNA cleavage occurred at a few specific sites. Mapping of these sites revealed conservation of a pentanucleotide motif CG/TCT↓T at the cleavage site (↓ represents the cleavage site). The enzyme binds and cleaves consensus oligonucleotides having this sequence motif. The protein exhibits a very high preference for C or a G residue at the +2 position with respect to the cleavage site. Based on earlier and the present studies we propose that the enzyme functions in vivo mainly at these specific sites to carry out topological reactions.
INTRODUCTION
Topoisomerases are a group of enzymes that catalyse the interconversion of various forms of DNA and hence participate in almost all cellular functions involving DNA transactions. These ubiquitous enzymes have been divided into two classes based on the DNA cleavage pattern during the reaction. Type I enzymes nick one of the strands of the DNA and then pass the intact strand to change the linking number by a step of one. In contrast, type II topoisomerases cleave duplex DNA through which another duplex DNA segment is passed, changing the linking number by steps of two. In both cases, the reaction involves initial binding, cleavage of one strand or duplex DNA, passage of another segment and subsequent religation of the cleaved DNA (1) . The topological status of the genome is thus maintained during replication, transcription and other processes by the action of these enzymes at different locations in the DNA. This would entail a high degree of non-specific binding and cleavage by topoisomerases during the supercoiling and relaxation reactions. Thus, it is no surprise that a majority of topoisomerases do not show prominent sequence specificity (1, 2) . However, many of the enzymes exhibit a certain degree of non-randomness in cleavage site recognition and few show some sequence specificity. Several studies have addressed the sequence selectivity of type I and type II topoisomerases (3) (4) (5) (6) (7) (8) (9) (10) (11) . These studies have led to the identification of strong topoisomerase sites for some of the enzymes. Tetrahymena DNA topoisomerase I has been shown to preferentially cleave a hexadecameric sequence present in the rDNA (12) while vaccinia virus topoisomerase I recognises a pentanucleotide sequence motif (13) . DNA gyrase, a type II topoisomerase found only in bacteria, also recognises specific sites referred to as strong gyrase sites (SGS). A quinoloneinduced SGS has been identified at position 990 of pBR322 DNA within the tet gene (14) . Another SGS has been located towards the centre of the bacteriophage Mu genome (15) . However, none of these topoisomerases exhibit a degree of sequence specificity comparable to the site-specific DNAbinding proteins such as restriction enzymes, repressors and transcription activators, with the exception of vaccinia virus topoisomerase I. This enzyme is the smallest topoisomerase known and probably constitutes the minimal functional unit of a type I enzyme (16) and exhibits a high degree of site-specific interaction. Vaccinia virus DNA topoisomerase I catalyses DNA cleavage with the concomitant formation of a 3′ covalent DNA-protein complex, strand passage and religation at the pentameric sequence motif C/TCCTT in a double-stranded context (17) . The only other topoisomerase I having comparable sequence specificity was recently characterised from Mycobacterium smegmatis (18) . In contrast to the enzyme from vaccinia virus, mycobacterial topoisomerase I is a large, single subunit topoisomerase of 110 kDa and belongs to the type IA topoisomerases (19) . The protein relaxes negatively supercoiled but not positively supercoiled DNA. The enzyme forms a 5′ covalent intermediate at the newly created nick before strand passage and subsequent religation (19) . The purified M.smegmatis topoisomerase I has some unusual characteristics: (i) it is not inhibited by spermidine, unlike Escherichia coli topoisomerase I; (ii) the enzyme lacks a zinc finger motif, a characteristic of E.coli topoisomerase I (19); (iii) it interacts with both single-and double-stranded DNA, a property not shared by other enzymes. The mycobacterial enzyme recognises and cleaves sequence CG/TCTT, a sequence very similar to that of vaccinia virus. Identification of the strong topoisomerase I site (STS) for mycobacterial topoisomerase I relied on the ability of the enzyme to bind to duplex DNA generated *To whom correspondence should be addressed. Tel: +91 80 360 0668; Fax: +91 80 360 2697; Email: vraj@mcbl.iisc.ernet.in by restriction digestion of an E.coli plasmid (18) . This analysis was limited to a few sites in a 50% GC-rich 2.6 kb plasmid. This would not be a fair reflection of the sites in the GC-rich genome of mycobacteria. Further, since the analysis was on linear DNA, the importance of topological status on cleavage site recognition could not be ascertained. Now we have determined specific cleavage sites for M.smegmatis topoisomerase I on a large number of mycobacterial DNA fragments and arrived at a consensus recognition sequence.
MATERIALS AND METHODS

Purification of topoisomerase I
Topoisomerase I was purified from wild-type M.smegmatis SN2 cells as described before (19) . One unit of enzyme corresponds to 2 ng of the purified protein catalysing 50% relaxation of 300 ng of supercoiled plasmid at 37°C in 15 min.
Cloning of mycobacterial DNA sequences
Genomic DNA was isolated from M.smegmatis SN 2 and Mycobacterium tuberculosis H37Ra as described before (20) . The DNA was digested with BamHI and PstI and ligated to pUC 19. After transformation, representative colonies were chosen and the recombinant plasmids were purified.
Purification and radiolabelling of oligonucleotides
The oligonucleotides used in this study are listed in Table 1 . Oligonucleotides were purified by urea-PAGE and 5′-endlabelled using bacteriophage T4 polynucleotide kinase and [γ-32 P]ATP (6000 Ci/mmol). The labelled oligonucleotides were purified from the unincorporated nucleotides using G-25 spin column chromatography.
Mapping topoisomerase I cleavage sites
Different supercoiled plasmids (2 µg) were individually incubated with 50 ng of topoisomerase I for 5 min at 37°C in buffer containing 40 mM Tris-HCl, pH 8.0, and 20 mM NaCl. The reaction mix was then treated with 10 mM NaOH and further incubated for 2 min, after which it was neutralised with 10 mM HCl. The reaction mix was treated with 0.6% SDS and 500 µg/ml proteinase K for 2 h at 55°C. The DNA was subjected to phenol/chloroform extraction and precipitated with 2.5 vol of ethanol. The DNA thus obtained was further purified by spin column chromatography and then annealed to 5′-end-labelled universal forward or reverse primers (Table 1) . Primer extension was carried out using the Klenow fragment of DNA polymerase I. The samples were then suspended in loading dye containing 45% formamide, 10 mM EDTA, 0.025% xylene cyanol, heat denatured for 5 min at 90°C and then electrophoresed on 6% denaturing polyacrylamide gels containing 8 M urea. Dideoxy sequencing reactions were carried out using the same labelled primer.
Electrophoretic mobility shift assay
Non-covalent enzyme-DNA complexes were formed using 40 mM Tris-HCl, pH 8.0, 20 mM NaCl, 1 mM EDTA, 100 fmol radiolabelled oligonucleotide and 20 U M.smegmatis topoisomerase I by incubation on ice for 5 min. The products were separated in an 8% native polyacrylamide gel (30:0.8) using 0.5× TBE as the running buffer. The radioactivity associated with free DNA and DNA-protein complexes was quantified with a phosphorimager (model BAS 1800; Fuji Film).
Topoisomerase I cleavage reaction
End-labelled oligonucleotides (100 fmol) were incubated with 200 U topoisomerase I in a 50 µl reaction mix containing 40 mM Tris-HCl, pH 8.0 and 20 mM NaCl. The reaction was stopped with 0.6% SDS after 15 min incubation at 37°C, suspended in loading dye and electrophoresed in a 12% denaturing PAGE gel. To map the cleavage site G-and T-specific reactions were carried out on a 20mer consensus oligonucleotide substrate (Con-CCA, Table 1 ). The end-labelled oligonucleotide (100 000 c.p.m.) was treated with 1% DMS for 1 min at room temperature. DNA was recovered by ethanol precipitation after stopping the reaction with 50 µl of DMS stop buffer. The precipitate was washed with 70% ethanol, dried and dissolved in 90 µl of water. This was followed by the addition of 10 µl of piperidine and incubation at 90°C for 30min. The reaction mix was frozen in liquid nitrogen and dried under vacuum. The pellet was resuspended in 15 µl of formamide dye and electrophoresed in a 16% urea-acrylamide gel for 2 h at 2000 V. For T-specific cleavage, the oligonucleotide substrate was treated with 2 mM KmNO 4 for 1 min at 25°C in 10 µl of water. The reaction was stopped with 40 mM β-mercaptoethanol and 0.3 M sodium acetate. The DNA was ethanol precipitated, suspended in 90 µl of water and heated to 90°C after addition of 10 µl of piperidine. The pellet was suspended in 15 µl of formamide dye and the products were resolved by electrophoresis in a 16% denaturing PAGE gel.
RESULTS
Mapping the STS
The experimental design for mapping the STS in supercoiled DNA is outlined in Figure 1A . The topoisomerase I reaction involves several steps: (i) binding to DNA; (ii) DNA cleavage in one strand and concomitant enzyme-DNA covalent complex formation; (iii) passage of the intact strand through the molecular gate created by the enzyme-DNA complex; (iv) religation of the phosphodiester bond; (v) dissociation of the enzyme. Using protein denaturants such as detergents or alkali, the enzyme reaction can be arrested to obtain the enzyme-DNA covalent complex from the second step. Proteolysis of this complex would leave the plasmid with a nick created by topoisomerase I, which, when subjected to primer extension, would reveal the cleavage site(s). The results of one such experiment are presented in Figure 1B . Plasmid Msp4.4, generated by cloning a 0.4 kb PstI genomic fragment of M.smegmatis in pUC19, was used as substrate for the topoisomerase reaction. Specific cleavage is observed at the sequence CTT (Fig. 1B, lane 2) . Employing the above strategy, several plasmids containing mycobacterial genomic DNA were analysed for the presence of the STS. Representative data from plasmids MX2R, MX1F, MSal1, MSM5, MBaP and PMSX1 are depicted in Figure 2A -F, respectively. In Figure 2 , topoisomerase I-mediated DNA cleavage occurred at the sequence CTT and cleavage appeared to be between the two T bases. Most of the cleavage positions appear to be highly preferred sites as no additional bands were observed, establishing the site specificity of interaction of topoisomerase I with its substrate. Examination of the sequences revealed the presence of a dinucleotide motif CT/G preceding the CTT in all cases ( Fig. 2A-F ). To gain a better understanding of the sequence requirement for topoisomerase binding and cleavage, we mapped STS from many other plasmids harbouring mycobacterial genomic DNA fragments using the primer extension technique. The results are compiled in Table 2 . An analysis of this data reveals certain characteristic features: (i) most of the sites mapped showed sequence similarity at the cleavage position; (ii) a pentanucleotide sequence, CT/GCTT, emerged as the predominant preferred site for M.smegmatis topoisomerase I and the cleavage position appeared to be between the two T nucleotides; (iii) in over 97% of the sites mapped, the CTT motif was found, G/T occurred at position -3 (with respect to cleavage) in 86% of cases whereas a C occurred at position -4 in 60% of cases. Sequences upstream to this pentanucleotide element are less well conserved, although there appears to be some preference for C/G residues at positions -5, -8 and -9. A T at position +1 with respect to cleavage is highly conserved. At position +2 (the second nucleotide 5′ of the cleavage site) a high degree of preference for G/C (83%) is seen, while no other sequences downstream of +2 seem to be well conserved. The convenient features of the experimental approach used in identifying the STS include: (i) the sites were mapped on intact plasmids and not on linear DNA, thus the influence of DNA topology (if any) on DNA cleavage could be accounted for; (ii) cloning into a small plasmid such as pUC has the advantages of producing DNA in large quantities and also allowing sequence determination using convenient primers; (iii) since the same set of primers annealing to the vector sequence flanking the different cloned sequences was used, many cleavage sites could be easily determined. It should be noted that the technique is designed to map sites within the primer extension region using a fixed set of primers. 
Topoisomerase I binds specifically to the STS oligonucleotide
A consensus sequence for topoisomerase I action could be derived from the alignment of STS sequences (Table 2) . A 20mer oligonucleotide was designed (Con-CCA, Table 1 ) taking the conserved features into account. An oligonucleotide having the conserved elements should serve as a substrate for topoisomerase I from M.smegmatis. We probed binding of the enzyme to the oligonucleotide in an electrophoretic mobility shift assay (EMSA). The topoisomerase formed a complex with the oligonucleotide (Fig. 3A , lane, 2) while no complex was observed with a non-specific 20mer (Fig. 3A, lane, 6 ). Ability of the protein to bind to the duplex DNA was addressed by annealing the labelled consensus oligomer to the complementary strand and then incubating with topoisomerase I. The enzyme formed a non-covalent complex with the STS-containing oligomer in the double-stranded context (Fig. 3A, lane 4) , in agreement with previous results using a 65 bp fragment containing the STS (18) . Duplex oligonucleotides without the conserved sequence elements do not serve as substrates for binding (not shown).
Oligonucleotide cleavage by topoisomerase I
In the series of complex steps involved in DNA relaxation, DNA cleavage is the first enzymatic reaction catalysed by topoisomerase I. The ability of the mycobacterial enzyme to cleave DNA substrates having the recognition sequence was addressed. With the same oligonucleotide used in the previous experiment (Con-CCA, Table 1 ), cleavage at the specific site was observed (Fig. 3B, lane 2) . Duplex oligonucleotides (prepared as above) having the STS also served as substrates for topoisomerase I-mediated cleavage (Fig. 3B, lane, 3 ). An oligonucleotide lacking the conserved element did not support cleavage by topoisomerase I, demonstrating a specific sequence requirement for enzyme function (Fig. 3B, lane 4) . That cleavage occurred at the sequence CG/TCT↓T was ascertained by analysing the cleavage product by 18% urea-PAGE with appropriate markers (Fig. 3C) . These results show that M.smegmatis topoisomerase recognises the same sequence in a linear fragment (18) , a circular plasmid and synthetic oligonucleotide substrates. Incidentally, topoisomerase III from E.coli is shown to cleave between two T bases in the sequence CTT (Table 3; 21) , indicating a resemblance between the two enzymes.
The importance of residues 5′ of the cleavage site
The majority of STS compiled in Table 2 show the occurrence of a G/C residue at position +2 with respect to the cleavage site. The nucleotides at positions +3 and +4, however, do not seem to be conserved. Nucleotide conservation at position +2 has not been reported for any other type I topoisomerases so far. To confirm the requirement for specific residues downstream of the cleavage site, we used defined oligonucleotides containing the specific pentanucleotide element but differing in the sequence downstream of the cleavage site ( Table 1 ). The importance of the downstream sequence on binding of topoisomerase I was addressed by EMSA. The mycobacterial topoisomerase forms a complex with oligonucleotides irrespective of the nucleotide sequence downstream of the cleavage site (Fig. 4A) . However, oligonucleotides having either a C or G residue at position +2 were very proficient in forming noncovalent complexes (Fig. 4, lanes 2, 4, 8 and 10 ). The complexes were 4-to 5-fold weaker when the +2 residue was either A or T (Fig. 4A, lanes 6 and 12, and B) . The influence of the +2 residue on cleavage efficiency of the topoisomerase was studied using DNA substrates with A, G, C or T at the +2 position. A marked difference in cleavage efficiency was observed among the substrates. Oligonucleotides harbouring a C or G residue at position +2 were very effectively cleaved. In contrast, oligomers with an A or a T residue at the same position were poor substrates for the mycobacterial topoisomerase (Fig. 4C, lanes 4 and 7, and D) . The order of preference for cleavage by the enzyme can be summarised as C = G >> A > T. Residues at positions +3 and +4 do not seem to influence cleavage efficiency to a significant extent. We have not tested the effect of the sequences downstream of +4 as these sequences do not seem to be conserved (Table 2) . Based on all the data, the recognition sequence for M.smegmatis topoisomerase I is 5′-CG/TCT↓TC/G-3′. 
DISCUSSION
We have determined the sequence specificity of mycobacterial topoisomerase I on mycobacterial DNA as a prelude to addressing its in vivo function and to a study of the mechanistics of the enzyme reaction. The enzyme exhibits remarkable sequence specificity. Synthetic oligonucleotides containing the consensus sequence motif serve as substrates for enzyme binding and catalysis. Statistical evaluation of the sites mapped from genomic sequences show the conservation of specific residues at the recognition site. Positions +2, +1, -1, -2, -3, -4 , -5, -8 and -9 appear to have the most biased nucleotide distribution. A striking feature is that the cleavage almost always occurred at CTT, even though the probability of finding two consecutive T bases at any given position is <0.03 in a 65-67% GC-rich genome. Interestingly, the sequence CTT appears to be conserved in the recognition sequence of many of the type I topoisomerases (Table 3 ). Topoisomerase III from E.coli (22) , the only other prokaryotic enzyme displaying some sequence specificity, also harbours the same trinucleotide motif in its cleavage sequence GCAACT↓TCG (21) . Sequence conservation at the recognition/cleavage site of topoisomerase I suggests that these residues in the scissile strand and/or the complementary non-scissile strand are important for interaction with the enzyme. A support for this premise comes from extensive footprinting and crosslinking studies with vaccinia virus topoisomerase I (23). The protein was shown to establish contact with all three G residues within the pentamer 3′-GGGAA-5′ in the non-scissile strand (17) . Base substitution experiments of the T residues in the sequence CCCTT had a drastic effect on cleavage efficiency, underlining their contribution to the protein-DNA interaction (17) . Human topoisomerase I was recently shown to contact the T residue at position -1 with respect to the cleavage site (24) . Preliminary studies with M.smegmatis topoisomerase I seem to further substantiate this view (D.Sikder and V.Nagaraja, unpublished results). The sequence determinants for other topoisomerases I from prokaryotes characterised so far are less stringent than that for the mycobacterial enzyme. The E.coli and Micrococcal luteus topoisomerases cleave at the sequence CXXX↓ (4, 25) . In addition, double-stranded DNA is refractory to cleavage in both cases (26) . The topoisomerase I from M.smegmatis, while displaying recognition/cleavage specificity, forms complexes with single-and double-stranded DNA. In accordance with this difference in interaction with DNA, the mycobacterial enzyme lacks the zinc finger motif found in E.coli and other type I enzymes (19, (27) (28) (29) . A stringent sequence requirement would restrict the number of sites at which the mycobacterial protein can bind and carry out catalysis. However, the ability to function on both single-stranded and duplex DNA probably enables the enzyme to act on a larger number of sites in vivo which otherwise would have been inaccessible if it were to function only on single-stranded DNA.
Topoisomerases function to modulate torsional stress in DNA. Thus, these proteins should be able to bind to DNA wherever the topology demands it. Consistent with this view, many topoisomerases are not known to display high sequence specificity, with the exceptions of topoisomerases I from vaccinia virus and M.smegmatis (13,18,23; this work) . In spite of their distant phylogenetic relationship, both vaccinia virus and M.smegmatis topoisomerases I are remarkable in their specificity in recognising very similar STS. Vaccinia virus topoisomerase I binds and cleaves at the sequence C/TCCTT↓, while the mycobacterial topoisomerase I recognises the sequence CG/TCT↓TC/G. However, there are certain contrasting features: (i) the 33 kDa viral protein is the smallest topoisomerase known to date while the 110 kDa mycobacterial topoisomerase I is one of the largest prokaryotic type I enzymes; (ii) vaccinia virus topoisomerase I recognises the consensus sequence only in duplex DNA, whereas the mycobacterial topoisomerase I catalyses cleavage in both the singleand double-stranded contexts; (iii) the +1 and +2 residues next to the cleavage site are not conserved in the recognition sequence of vaccinia virus topoisomerase I, as opposed to the mycobacterial topoisomerase. This might be due to mechanistic differences between the two proteins. The viral topoisomerase I catalyses formation of a 3′-phosphotyrosine covalent adduct with the conserved T residue at the 3′-terminus, while the mycobacterial enzyme forms a 5′-phosphotyrosine covalent intermediate with the conserved T at position +1.
The remarkable sequence specificity exhibited by M.smegmatis topoisomerase I provides an opportunity to study the interaction of the enzyme with its target site. The unique ability of the enzyme to recognise both single-and double-stranded DNA having the specific sites raises intriguing possibilities about the interaction of the enzyme with its substrates. Binding and cleavage of synthetic oligonucleotide substrates allows the design of suicide substrates and also assessment of the religation step in the topoisomerase reaction. It would be of particular interest to determine the specific contacts between nucleotide residues in the recognition sequence and amino acid residues in the protein. Since position +1 is highly conserved and position +2 also affects the efficiency of cleavage to a significant extent, the protein very likely contacts these residues. If so, this is in striking contrast to any other type I topoisomerase. The significance of the remarkable sequence specificity of M.smegmatis topoisomerase I, a distinctive feature uncommon amongst the prokaryotic type I enzymes, is unclear to us at this stage. The refractivity to cleavage of non-specific sites even with large excess of the enzyme suggests that the enzyme could be functioning at the specific sites in vivo. The DNA relaxation reaction catalysed by M.smegmatis topoisomerase I is predominantly processive under ionic conditions similar to the intracellular environment (19) . Thus it appears to be advantageous to the organism to have a topoisomerase recognising specific sequences and functioning processively at these sites in vivo. 
